We have measured W 4f 7/2 core-level photoemission spectra from W(110) in the presence of Ni overlayers, from ∼0.2 to ∼3 monolayers. Interfacial core-level shifts associated with first-layer Ni phases have been identified: −230 ± 15 meV for the 1×1 pseudomorphic phase and −70 ± 7 meV for the 7×1 close-packed commensurate phase. At higher Ni coverages the interfacial core-level shift is −100 ± 10 meV. These shifts are analyzed using the partial-shift model of Nilsson et al. [Phys. Rev. B 38 (1988) 10357] ; the analysis indicates that the difference in binding energies between the 1×1 and 7×1 phases has a large contribution from structural differences between the two phases.
Introduction
Due to the unique chemical, optical, and magnetic properties of nanostructured materials, bimetallic epitaxial systems have received considerable scientific attention. In particular, the interface formed by ultrathin Ni layers grown on W(110) has been extensively studied as a model bimetallic system , in part because it is an excellent system for relating electronic structure to morphology. Using various surface analysis techniques, including low energy electron diffraction (LEED), Auger electron spectroscopy (AES), thermal desorption spectroscopy (TDS), work-function measurements, reflection high energy electron diffraction (RHEED), and/or highenergy ion scattering (HEIS), a number of early studies investigated the structure and morphology of the Ni layers as a function of Ni coverage [1] [2] [3] [4] [5] [6] [7] . Other early investigations probed the electronic structure of the Ni/W(110) interface using valence-band angle-resolved photoelectron spectroscopy (ARPES) and core-level x-ray photoelectron spectroscopy (XPS) [8] [9] [10] [11] [12] . Taken together, these early studies indicate that the first-layer Ni film is initially pseudomorphic (ps), followed by sequential transitions to two commensurate phases -an 8×1 phase followed by a 7×1 close-packed (cp) phase. Further adsorption results in quasi-van-der-Merwe growth up to ∼3 Ni overlayers [at room temperature (RT)]. More recently, scanning tunneling microscopy (STM) has been utilized to investigate this interface; the STM measurements confirm the results of the earlier structural work and also demonstrate the coexistence of the ps and cp phases [18] [19] [20] . Scanning tunneling microscopy has also been combined with measurements of changes in surface stress in order to investigate the relationship between the structure of the first layer and stress at the interface [17, 18] . Very recently, the structure of the 7×1 cp phase has been probed with x-ray diffraction; the results suggest a major reconstruction of the W surface atoms for this phase [21] . In addition to these basic structural and electronic studies of Ni/W(110), the chemical and catalytic properties of this interface have been extensively investigated [4, 11, [22] [23] [24] [25] [26] [27] . There have also been numerous measurements of the magnetic properties of Ni/W(110) thin films [28] [29] [30] [31] [32] [33] , which have been extended to epitaxial Fe films grown on Ni/W(110) [36] [37] [38] [39] [40] [41] . Femtosecond electron dynamics in Ni/W(110) films have also been investigated [34, 35] .
Here we use XPS of the W 4f 7/2 core level to follow the growth of Ni films on W(110) from ∼0.2 to ∼3.5 ps monolayers (ML's) [42] . The combination of the sharpness of the W 4f 7/2 core level and the simple core-level structure of W(110) make this face of W an ideal substrate for XPS investigation of interfacial electronic structure. This has been previously taken advantage of in investigations of hydrogen [43, 44] , oxygen [45] [46] [47] [48] , metallic overlayers [12, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] , and mixtures of metallic overlayers and oxygen on W(110) [47, 49, [59] [60] [61] [62] .
The goal of the present investigation is to see how electronic structure, as reflected in core-level shifts, is connected to the Ni structures that have been previously observed.
From our measurements we identify W interfacial core-level shifts associated with the 1×1 ps and 7×1 cp phases of the first Ni layer. Somewhat surprisingly, only a single core-level feature is associated with the 7×1 phase, even though the commensurate nature of this phase means that not all surface W atoms have the same Ni-atom coordination. Furthermore, we observe a relatively large shift in the W core-level binding energy between the 1×1 and 7×1 phases. This large difference indicates that structural differences (rather than simply Ni-coverage differences) between the 1×1 and 7×1 phases are responsible for much of the difference in W 4f binding energies associated with these two phases. In order to gain insight into how structure may contribute to core-level binding-energy differences, we employ the partial-shift model of Nilsson and coworkers [63] to analyze the interfacial core-level shifts. With reasonable values of the input parameters, we find that the partial-shift model is able to reproduce the experimental core-level binding energies associated with the Ni/W(110) interface.
Experimental details
The W 4f 7/2 spectra were obtained using beamline U16A at the National Synchrotron Light Source. The beamline includes a 6-m torodial-grating-monochromator and an end station with a 150 mm radius hemispherical electron-energy analyzer. An incident photon energy of 72 eV was used to maximize the signal from the first W layer. The total resolution (monochromator and analyzer) was ∼140 meV.
The W surface was cleaned by the standard technique of annealing the sample at 1550 K in an oxygen environment with periodic flashes to 2400 K [64] . As discussed in detail below, cleanliness is assessed via the W 4f 7/2 photoemission spectra. From our assessment we estimate surface contamination to be <1% of a ps ML.
Nickel layers were deposited on the W surface at room temperature from a shuttered, electron-beam evaporator that is surrounded by a liquid-nitrogen-cooled shroud. Most of the Ni overlayers were grown at a rate of ∼0.34 ps ML/min, although layers grown at other rates do not appear to be substantially different from those grown at this rate.
Results and analysis
The data in Fig. 1 illustrate the evolution of the W(110) 4f 7/2 spectrum upon increasing Ni coverage. The clean-surface spectrum consists of two peaks: the lower binding-energy (BE) peak (surface) is from W atoms in the first atomic layer, and the higher BE peak (bulk) is from W atoms in the second atomic layer and deeper [65, 66] . The solid and dashed lines in Fig. 1 mark the BE's of the bulk and clean-surface atoms, respectively. As is evident in Fig. 1 , with increasing Ni exposure the surface peak diminishes in size until only one peak is visible. Notice that this single peak is at a slightly lower BE than the bulk peak of the clean surface, indicating that the core levels of the Ni influenced atoms have a BE that is close to, but slightly lower than, the bulk atoms. Other core-level studies of the growth of transition metal layers on W surfaces have shown that, in general, a transition- metal overlayer increases the core-level BEs of the firstlayer tungsten atoms [12, 49, 54, 55, 58, [67] [68] [69] [70] [71] [72] . Our data clearly exhibit this same behavior.
We use least-squares fitting to decompose the core-level data into spectral components. It has been previously shown [66] that each W 4f core-level photoemission feature is well described by a Gaussian broadened DoniachSunjic (DS) peak [73] , which is described by five parameters: a lifetime width, singularity index, binding energy, peak height, and Gaussian width. The Gaussian width has phonon, instrumental, and (possibly) inhomogeneous contributions. We use a linear function to describe the background. Figure 2 (a) illustrates a least-squares fit to a cleansurface spectrum. The fit is dominated by two components, one marked S (surface) and one marked B (bulk). However, in order to get a satisfactory least-squares fit to spectra from the clean surface it is necessary to add in a third, much smaller component at higher binding energy (275 ± 30 meV), which we label I 3 . Based on a comparison of shifts induced by C on W(100) [74] , we suspect that this peak is due to residual C on the surface. Given the size of this peak (2.5 ± 0.2 % of the surface 4f 7/2 BINDING ENERGY (eV) spectrum) and the expectation that C sits in the quasithree-fold hollow site, we estimate the contamination to be <1% of a ps ML.
Because the Ni-induced components of the spectra are not resolved, we find it necessary to constrain certain parameters in fitting the Ni/W(110) spectra. First, the lifetime widths and singularity indices of the B and S features are held to values obtained from data obtained at significantly higher resolution [66] . Second, because the B and S components have nearly identical phonon broadenings [66] , the Gaussian widths of the B and S features are constrained to the same (fitted) value. Third, the BE difference between the B and S components [which is known as the surface core-level shift (SCS)] is main-tained at its clean-surface value [66] . Lastly, because the first-layer W atoms become more highly coordinated in the presence of the Ni-overlayer atoms, we assume that the lifetime width, singularity index, and Gaussian width of the Ni-induced components are the same as the B feature. This last assumption is not critical, however: leastsquares analyses in which the Ni-induced features are assumed to have the same line shape as the S peak, for example, do not produce substantially different results.
With these constraints the least-squares analysis provides the following insights into the spectra from the Ni covered surface. As shown in Fig. 2 (b) -2(f), Ni adsorption produces two other core-level features, labeled I 1 and I 2 , which, as discussed in more detail below, are due to first-layer W atoms that are bonded to first-overlayer Ni atoms. The component labeled I 1 appears with the initial growth of the Ni layer and has an interfacial core-level shift (ICS) of −230 ± 15 meV [75] . Within the precision of the measurement, this shift is independent of Ni coverage. The component labeled I 2 has a delayed appearance and an ICS of −70±7 meV at coverages between 0.65 and 1.3 ps ML (see details of the coverage determinations below). Due to its small size at Ni coverages below 0.65 ps ML, the BE of this peak cannot be reliably determined, so in analyses of those spectra the shift of this peak was held fixed at −70 meV. For higher Ni coverages the BE of the I 2 peak decreases, resulting in an ICS of −100 ± 10 meV.
In fitting all of the spectra we also must include the I 3 component [only labeled in Fig. 2(a) ] at higher BE. Its BE and intensity systematically vary with Ni coverage. However, given its small intensity at all Ni coverages, it is not believed to be associated with surface W atoms covered by a particular phase of Ni, but is likely from W atoms coordinated by both C and Ni atoms.
Discussion

Assignments of spectral components and determination of Ni coverages
In this section we assign the I 1 and I 2 components to Ni phases and use the core-level intensities to determine the Ni coverages associated with each spectrum. As will be evident, these two processes are not sequential, but are intertwined. We begin by reviewing the details of results from structural studies of W(110); these results enable us to immediately assign the I 1 component to the 1×1 ps phase. Given this assignment, we then use the relative intensities of the S, I 1 , and I 2 components to ascertain that the I 2 phase is associated with both the 8×1 and 7×1 commensurate phases. With these structural assignments to the I 1 and I 2 features, we then determine the Ni coverage for each core-level spectrum at coverages less than ∼1.3 ps ML (∼1 cp ML). These absolute coverages then allow us to infer the Ni adsorption rate (for a given evaporator setting), which, in turn, enables us to infer Ni coverages greater than ∼1.3 ps ML.
The structure of the first Ni layer has been previously delineated in a number of studies. Initially, the first overlayer grows in 1×1 pseudomorphic (ps) islands [1, 7] . Although the ps phase is believed to be thermodynamically stable up to a full ML [7, 14] , limited diffusion at RT induces a transition to the 8×1 commensurate phase at a lower coverage. Depending upon the amount of residual gas contamination and/or the density of steps [7] , this transition begins somewhere between ∼0.25 and ∼0.9 ps ML [1, 10, [18] [19] [20] 40] . The density of the 8×1 phase is not universally agreed upon [20] : some researchers favor a density of 1.59 × 10 15 atoms cm 2 (which occurs if there are 9 Ni-atom spacings per 8 W-atom spacings along the [001] direction) [18, 19] , while others favor a more closely packed density of 1.77 × 10 15 atoms cm 2 , (which occurs if there are 10 Ni-atom spacings per 8 W-atom spacings) [1] . With increasing Ni coverage the 8×1 phase transforms into the 7×1 cp phase at a coverage between ∼0.5 and ∼1.28 ps ML [18] [19] [20] [21] . The local coverage of the 7×1 phase is taken to be 1.82 × 10 15 atoms cm 2 , which arises from having 9 Ni-atoms spacings per 7 W-atoms spacing along [001] . A full 7×1 layer corresponds to 1.28 ps ML of adsorbed Ni [18] [19] [20] [21] .
Using this structural information, we can begin to assign the Ni-induced core-level features to particular phases of the first Ni overlayer. Given that only the I 1 peak appears at the lowest Ni coverages, we assign this peak to W atoms that are covered by ps regions of the first Ni layer. Similarly, because the I 2 peak does not appear until significant Ni adsorption occurs, it must be associated with the 8×1 and/or the 7×1 phases. However, before more precise identification of the I 2 feature can take place we must first establish the Ni coverage at which this feature appears.
We use the relative intensities of the I 1 , I 2 , and S peaks to estimate the absolute Ni coverage associated with a given spectrum. Assuming that the ith core-level peak is associated with a particular local coverage θ i , the total Ni coverage θ can be simply written as the weighted average over all local coverages
where the weight function F i e di/λ is the product of the integrated intensity F i of a particular core-level line and a factor e di/λ that accounts for the attenuation of the intensity due to the Ni overlayer. In this second factor d i is the thickness of the ith overlayer, and λ is the inelastic mean free path in Ni. We estimate the overlayer thickness from the ratio of the surface density (for a given layer) to the volume density of Ni. For λ we use a value of 6Å [76] . The sums in Eq. (1) are over all spectral features associated with the first layer of W atoms. For the cleansurface atoms θ i = 0 and for the ps-layer-covered atoms θ i = 1 (neglecting island-edge effects). Equation (1) is also predicated on insignificant variations in component intensities due to electron diffraction. We point out that we have previously used an equation similar to Eq. (1) to determine the coverage of O on W(110) [47] .
Applying Eq. (1) to our spectrum with the largest I 1 component, but no I 2 component, yields a coverage of 0.3 ps ML. At coverages slightly above this we begin to also observe the I 2 component. Given that the lowest observed coverages for the 8×1 and 7×1 phases are 0.25 and 0.5 ps ML, respectively, we can thus associate the initial appearance of the I 2 component with the 8×1 phase. However, because the I 2 component persists at substantially larger Ni exposures, this component must also be associated with the 7×1 phase at higher coverages.
In order to determine the coverages between 0.3 and ∼1.3 ps ML (∼1 cp ML), we need to know the local coverages of the 8×1 and 7×1 Ni phases. As discussed above, for the 7×1 phase θ i = 1.28 . For the 8×1 phase θ i = 1.12 or θ i = 1.25, depending upon the correct structure. Because we observe no significant change in BE of the I 2 component (at sub-cp-ML coverages), we favor the higher-density model for the 8×1 phase. Given this and the fact that 1.28 and 1.25 are negligibly different, we simply use θ i = 1.28 for the I 2 peak for all coverages. ( We note that if we use θ i = 1.12 at the lower Ni coverages, the calculated coverage changes by <10 %, and so this choice is not critical.) Using this procedure we have determined the first-layer Ni coverage associated with each spectrum at a coverage <∼1.3 ps ML.
As a check on this procedure, we compare the coverage calculated via Eq. (1) with the Ni-exposure time for a set of spectra obtained at identical evaporator settings. This comparison, shown in Fig. 3 , exhibits the expected linear relationship. From the slope of a linear fit to the data, shown as the solid line in the figure, we determine a growth rate of 0.34 ± 0.04 ps ML/min. Satisfyingly, the intercept of the fit passes very close to the origin.
Using this growth rate we have estimated the Ni coverage for spectra from Ni layers with coverages >∼1.3 ps ML, such as that shown in Fig. 2(f) . We note that because these coverage values are not directly inferred from each individual spectrum, they are less precise than the values at lower Ni coverages.
Our results are summarized in both Fig. (4) and Table I . In Fig. (4) we present the fractional intensities of the S, I 1 and I 2 peaks and the ICS's vs Ni coverage. As is evident in part (b) of the figure, the <1.5 ps ML shifts of the I 1 and I 2 components are independent of Ni coverage. Above 1.5 ps ML the I 2 BE also appears to be constant, but at a slightly lower BE. Table I summarizes the results for the shifts: in the table we list the (clean surface) SCS and Ni-induced ICS's. We also list the shift of each peak with respect to the clean-surface BE; this shift is known as the adhesion core-level shift (ACS) [77] . Note that the ACS is equal to the ICS minus the SCS.
Core-level spectra and interfacial structure
Perhaps the biggest surprise to emerge from our analysis is the result that only one W core-level peak is ob- served for the commensurate 7×1 phase, even though not all of the first layer W atoms have the same Ni-atom coordination in this phase. (For example, the structural model proposed to explain x-ray diffraction from the 7×1 phase has 4 inequivalent W atoms in the first layer [21] .) At a minimum such inequivalence might be expected to inhomogeneously broaden the associated core-level peak, but our analysis indicates that such broadening is not necessary. This is in dramatic contrast to W core-level results from O/W(110), which show that the W corelevel binding energy is sensitive not only to the O-atom coordination number but also the exact location of the coordinating O atoms [47] . Given that the O-W bond is best described as polarized-covalent while the Ni-W bond is best described as metallic, we suggest that the uniform core-level binding energy for a given phase of Ni is due to the metallic nature of the bonding between the W and Ni layers. Another unanticipated result from our measurements is the rather large difference in the core-level BE's associated with the 1×1 ps and 7×1 cp phases. Intuitively we expect the shift with respect to the clean-surface BE (the ACS) to be proportional to the local overlayer coverage. Simple theory supports this notion (see below). However, this is clearly not observed for Ni/W(110): for the 7×1 and 1×1 phases the ratio of the ACS's is 2.8 ± 0.5, which is much greater than the coverage ratio of 1.28. This discrepancy indicates that structural differences between the two layers likely contribute to the core-level shifts. This is discussed in detail in Sec. 4.3.
Coexistence of the 1×1 and commensurate phases is evident in Fig 4(a) , which shows that some 1×1 phase persists even in the presence of up to ∼3.5 ps ML of Ni (which corresponds to ∼2.7 overlayers). Our data on this coexistence can be compared with the STM data of Sander and coworkers [18, 19] . For a coverage of ∼1.2 ps ML Sander et al. observe an interface in which the 7×1 phases covers about 90% of the surface. The remainder of the surface is covered by the 1×1 phase and bare patches that expose the underlying W surface. From Figure 4 we can estimate that we have 80% 7×1, 14% 1×1, and 6% bare patches at this same coverage, in reasonable agreement with the STM observations. Figure 4 also shows that the second Ni layer influences the BE of the of the I 2 peak, causing it to shift from −70 meV to −100 meV. Interestingly, we do not observe a gradual transition in the BE of the I 2 component. A given spectrum exhibits either a shift close to −70 meV or a shift close to −100 meV. It is further noteworthy that the transition occurs for a Ni coverage that is only slightly in excess of 1 atomic layer (1 cp ML = 1.28 ps ML). However, as noted above, due to the nature of the coverage determination above 1 cp ML, we cannot ascertain a precise value of the coverage where this transition occurs.
Born-Haber cycle analysis of the Ni-induced shifts
A core-electron BE is the difference in energy between the initial (ground) state of the system and a final (excited) state that consists of a core hole located on a particular atom. In a metallic system the BE is associated with a final state that is optimally screened by the valence charge. A core-level shift is thus the energy difference of two different final states with a core hole located on two inequivalent, fully screened atoms.
There have been a number of approaches, using BornHaber cycles, to describe these energy differences [63, [77] [78] [79] [80] [81] . The approach most useful for discussing shifts at a bimetallic interface is the partial-shift model of Nilsson et al. [63] , which we utilize to discuss the Ni induced shifts measured here. In the partial-shift model the corelevel binding energy of a Z atom (W, in the present case) in environment E can be written as
where, for example, E Because the ACS is a somewhat more intuitive quantity that the ICS, we concentrate on the ACS in the following discussion. Using Eq. (2) we can express the adhesion core-level shift ∆ε where we have used the fact that c (S) M = 0. If we assume that the Ni layer does not change the effective concentration of Z atoms surrounding the first-layer W atoms (so that c
Z ), and we also use the constraint c
(4) Equation (5) exhibits the intuitive expectation that the adlayer-induced shift of the surface-peak BE should be proportional to the concentration of M atoms in the overlayer [as long as the energy terms in Eq. (5) are constant]. However, as discussed above, this expectation is not met in the comparison of the 1×1 and 7×1 phases.
This lack of agreement implies that if the Ni-induced shifts are to be described by the partial-shift model, we must consider variations in additional model parameters. There are two physically reasonable candidates for such variations. The first is E
, which may vary due to structural differences in the two Ni adlayers [85, 86] . The second candidate is c (I) Z , which may differ due to reconstruction of the first W layer [21] .
In order to ascertain how the ACS's might be affected by such variations, we need values for the various cohesive and solution energies, some of which involve the core-excited (Z * ) atom. For these Z * terms we utilize the oft-made approximation that a Z * atom is chemically equivalent to a Z + 1 atom (Re, in the present case) [78] . In this so-called equivalent-cores approximation Z * is replaced by Z + 1 in expressions such as Eqs. (2) - (5). For W atoms with a 4f core hole this approximation has been investigated in some detail. Because of the non-zero spatial extent of the 4f level, the equivalent-cores approximation is only very approximate. Ab initio calculations have shown that the equivalent cores approximation gives a SCS for W(110) that is smaller in magnitude than the experimental or Z * -calculated shift by 0.1 eV [87] . Thus, in utilizing the equivalent-cores approximation, we scale all calculated shifts by 0.32/0.22, the ratio of the actual SCS to the equivalent-cores calculated shift.
We first consider the possibility that E Re sol (Ni) − E W sol (Ni) may be different for the 7×1 and 1×1 phases. That this might be so is supported by recent ab initio calculations of the structural contribution to solution energies of 4d transition-metal atoms in 4d transition metal hosts [86] . The calculations (for the 4d atoms that are isoelectronic to the atoms of interest here) show that E Of course, there may be another structural contribution to the measured shifts. Results from a recent x-ray diffraction study has lead to the interpretation of significant reconstruction of the first-layer W atoms [21] . Thus, we might expect some differences in c Z . Ab initio calculations of the W core-level shifts in the presence of a 7×1 Ni layer (both with and without the inferred W reconstruction [21] ) would help to identify the exact nature of the induced shifts.
The change in 4f binding energy above ∼1.5 ps ML is also likely due to a structural effect. We suggest that a slight amount of second-layer Ni induces a slight structural rearrangement in the first-layer Ni and/or the surface W atoms. The small −0.030 eV shift (compared to the 7×1 phase) can be explained by a either a change in E 
Comparisons with other Ni/W core level data
Core-level shifts induced by Ni layers on W(111), W(100), and W(110) have been previously measured.
Along with the results from our present study, the results from these prior studies are summarized in Table  1 .
Previously Shinn and coworkers measured an ICS of −140±20 meV on W(110), which they assigned to ∼1ML of Ni. This shift does not agree very well with any shift determined in the present study, but it is closest to our ICS of −100 ± 10 meV for coverage greater than ∼1.5 ps ML. In that earlier study Shinn et al. presented two Ni/W(110) spectra, which they associated with ∼0.5 and ∼1 ML of Ni. However, a comparison of their ∼0.5 ML spectrum {Fig. 2(b) in [12] } with our spectra [Fig. (2) ] suggests that their ∼0.5 ML spectrum is from a surface with a coverage that is closer to 0.8 ps ML. We thus propose that their ∼1 ML spectrum is actually from W(110) covered by a sufficient amount of second-layer Ni to induce the −70 meV to −100 meV ICS transition that we observe in this study. With this interpretation of the previous data, the results of the two W(110) studies are in reasonable agreement with each other.
Core-level spectra from Ni-covered W(111) have been obtained by Tao and coworkers [69] . The W(111) surface is rather open, enabling atoms in the first three layers to directly bond with the Ni-layer atoms. This openness leads, for the clean surface, to core-level binding energies for the first three layers that are distinct from the bulk [89, 90] : SCS's obtained from the high-resolution spectra of Tao et al. are −446, −446, and −121 meV for atoms in the first, second, and third layers, respectively [69] . In Table 1 we list the average SCS of −337 meV for this surface. The core-level measurements of Tao et al. were obtained for ∼1 physical ML of Ni, where a physical ML is a pseudomorphic overlayer in which each W atom in the first three layers is covered by a Ni atom. The corelevel BE's in the first three W surface layers are thus affected by the Ni layer, which produces an average ICS of −210 meV. This average ICS of −210 meV for W(111) is quite close to our measured ICS of −230±15 meV for a ps 1×1 Ni layer on W(110). The closeness of these two shifts is not unexpected. First, the average nearest-neighbor and next-nearest-neighbor (NNN) coordination numbers of atoms in the first three W(111) surface layers are 6 and 4, respectively. These coordination numbers are identical to the NN and NNN coordination numbers of the first W(110) layer. Thus the average values of c for W(110). Hence the Ni-induced shifts should be quite close for these two cases, as is observed. Ni-layer induced core level shifts measured by Over-bury and coworkers on W(100) are also summarized in Table 1 . For 1 ps ML they observe an ICS of −120 meV. With increasing coverage this ICS smoothly decreases to −170 meV at 2 ps ML, and then remains approximately constant for higher Ni coverages. These results cannot be satisfactorily interpreted in terms of the partial-shift model developed above: the adhesion shifts on this surface are simply too large compared to the (110) and (111) surfaces. Quite surprising is the observation that W atoms under 1 layer of Ni have the same core-level binding energy as W atoms under 1 layer of W, which is clearly not observed for either of the other two low-index surfaces. It seems likely that the differences may have to do with the propensity of the (100) surface to reconstruct, even in the absence of an overlayer [91] . Again, ab initio calculation might shed some light on the shifts on this surface.
Summary
In summary, we have measured the shifts in W 4f 7/2 core-level binding energies upon growth of the Ni/W(110) bimetallic interface. We have identified shifts associated with both the 1×1 pseudomorphic and 7×1 commensurate overlayers. Surprisingly, only one shift is observed for the 7×1 phase, even though not all W atoms are equivalently coordinated by Ni atoms. We suggest that this is due to the metallic nature of the bonding between the surface W and overlayer Ni atoms. It would be interesting to see if this result is a general trend in bimetallic systems.
We have further discussed the shifts in terms of the partial-shift model of Nilsson et al. [63] . The large difference in the adhesion core-level shift between the two phases indicates a substantial structural contribution to the binding-energy shifts, which may arise from the (bcc vs fcc) structural difference between the two Ni layers, a W recon-struction induced by the 7×1 Ni layer, or a combination of both effects.
Lastly, this work substantially improves upon an earlier core-level study of this same system, providing more accurate values for the core-level shifts. The shift for the 1×1 Ni/W(110) interface is consistent with the average shift induced by a physical monolayer of Ni on W(111), but is at odds with results from Ni/W(100). This discrepancy is likely due to the tendency of the W(100) surface to reconstruct.
